The apparent barrier height for charge transfer through an interfacial water layer between a Pt/Ir tip and a gold surface has been measured using STM technique. The average thickness of the interfacial water layer inside an STM junction was controlled by the amount of moisture. A thin water layer on the surface was formed when relative humidity was in the range of 10 to 80%. In such a case, electron tunneling through the thin water layer became the majority of charge transfers. The value of the barrier height for the electron tunneling was determined to be 0.95 eV from the current vs. distance curve, which was independent of the tip-sample distance. On the other hand, the apparent barrier height for charge transfer showed a dependence on tip-sample distance in the bias range of 0.1-0.5 V at a relative humidity of approximately 96%. The non-exponentiality for current decay under these conditions has been explained in terms of electron tunneling and electrochemical processes. In addition, the plateau current was observed at a large tip-sample distance, which was caused by electrochemical processes and was dependent on the applied voltage.
Introduction
Charge transfer through a condensed phase is of fundamental importance to many processes in the surface science and electrochemistry. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] A characteristic of direct electron tunneling has been extensively studied among charge transfers using scanning tunneling microscopy (STM) under ultrahigh vacuum (UHV) circumstances. [2] [3] [4] [5] A value of an apparent barrier height for tunneling related to the local wave function is easily determined from conductance variation with tip-surface distance. From a simple one dimensional tunneling model as well as experimental studies, the barrier height was found to be independent of the bias voltage applied between an STM tip and a surface, and of the surface-tip spacing at longer distances than that coming into a quantum-point contact. [2] [3] [4] [5] In a similar way, attempts to measure STM barriers have been made in humid atmosphere and electrochemical environment. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Such environments give rise to thin and thick water layers, respectively, inside the region between an STM tip and a surface. Therefore, mechanism of charge transfers across interfacial water layer in ambient conditions is not so simple as compared with that observed in UHV and is still not well understood. Furthermore, the electrochemical effects have discouraged us from acquiring detailed information about electron tunneling in an aqueous phase. It was reported that the tunneling distance increases because of the presence of water layers inside an STM junction in both humid atmosphere and electrochemical environment. 6, 7, 9, 14, 16 The value of the local barrier height for electron tunneling was low compared with the UHV case and shows bias dependence as well as tip-surface distance dependence. 6, 7, 9, 14, 16 In this work, we examined charge transfer through the interfacial water layer inside an STM junction, of which the average thickness was controlled by the amount of moisture. The gold/water interface was chosen as a model system to investigate the single crystalline silicon/water interface. We also investigated current behaviors as a function of the applied bias voltage.
Experimental Section
The experiment was carried out using a PicoSPM (Molecular Imaging Corp.) at a temperature of 20 (±1) o C. We used Au substrates deposited onto mica and annealed them in a hydrogen flame for 1 min prior to use. Platinum/iridium tips were prepared mechanically from Pt/Ir wire. A sample stage was contained in an environmental chamber, where a hygrometer and a thermometer were placed to check the equilibrium humidity and temperature, respectively. The relative humidity below 10% inside the chamber was kept by silica desiccant. Higher relative humidity was obtained by means of the careful exposure of wet paper for a few seconds, while wet paper was introduced into the chamber to reach near saturated condition. The chamber was initially flushed with dry nitrogen gas. The system was left for 1-10 hours to stabilize relative humidity and avoid thermal drift before the experiment.
Current vs. distance characteristics were measured in the following way: an initial current was held at 5 nA by using a constant current feedback. The bias voltage was applied to the tip and was adjusted to the fixed value that was selected in the range between -0.5 and 0.5 V. To make a measurement, the tip was pushed by 0.3 nm towards the sample after the feedback was switched off. Then, the tip was rapidly withdrawn from the sample and the resulting current in the range between 10 and 0.001 nA was recorded as a function of the distance perpendicular to the surface. Afterward, the tip was moved back to its original position, and the feedback loop was enabled again. For each bias voltage value, this process was repeated 20-60 times, and then the data were averaged. The data were found to give sufficiently reproducible results. Figure 1 shows the typical current vs. tip distance data measured on a gold surface evaporated onto mica with different relative humidities and tip bias voltages. Solid circles were obtained at a low relative humidity of 10% and at a bias voltage of 0.1 V. The tunneling current data are well fitted by a single exponential decay curve (indicated by the solid line) with the apparent barrier height value of 0.95 eV as a function of the tip-surface distance. Note that the tip displacement represents the displacement from the equilibrium tunneling distance at I t = 5 nA. In a simple one dimensional tunneling model, 1 the tunneling current (I) inside an STM junction can be written as I = I 0 exp(−1.025 ), where φ is the apparent barrier height in electron-volts and s the distance in angstroms. The value of 0.95 eV was found to be almost constant, irrespective of the applied bias voltage over the range between -0.5 and 0.5 V at the relative humidity extending from 10 to 80%. Our measured value is low compared with that in ultrahigh vacuum. The difference in the tunneling barrier height can be explained in terms of the difference of tunneling environment. 6, 7, 9, 14, 16 That is, the electron tunneling under ultrahigh vacuum and humid atmosphere takes place directly and across thin layer of water on the surface, respectively.
Results and Discussion
It is well known that the apparent barrier height is independent of the tip-surface separation. 1 Therefore, the width of a tunnel gap can be estimated by extrapolating the conductance to the expected value at quantum-point contact (77.52 µmho). 11, 14 In the present work, the tunnel distance on the gold surface is calculated to be 12 ± 1 Å from the tunneling current of the solid circles in Figure 1 . The value for the apparent barrier height and the tunnel distance are consistent with the previous STM results 6,7 studied under ambient atmosphere with 50-80% relative humidity. Also, independence of the apparent barrier height from the applied bias voltage and polarity in the tunnel current range less than 10 nA is in good agreement with the STM result. 6, 7 Current decay data recorded for a relative humidity as high as about 96% (using an uncoated tip) are also shown as open circles, triangles and squares at the bias voltages of 0.1, 0.4 and 0.5 V, respectively, in Figure 1 . Humidity increases the thickness of the water pillar formed inside an STM junction. An important feature that is different for two humidities is the presence of the plateau current at larger tipsurface separation. At a distance range longer than 5 Å where the current decays are approximately completed, the current has a certain constant value depending on the applied bias voltage. The plateau currents were observed to present hysteresis in the direction of the tip movement. The plateau at 0.5 V bias was extended to a length of one hundred of nanometers during the tip retraction. However, the width of the plateau on the approaching movement was substantially shorter. The plateau currents started to appear at a relative humidity above 92%, and its magnitude was found to strongly depend on the relative humidity. The values of the plateau currents measured as a function of the bias voltage are plotted in Figure 2 . Data were obtained at the relative humidity of 96%. Each point is an average of many experiments that are indicated by the standard deviations. The plateau current increased as the difference in bias voltage between the tip and the sample increased.
The present result is compatible with the previous work. 9 The plateau current was reported to be found with the hydrophilic surfaces such as Pt/C and mica at the relative humidities of 50-80% and above 65%, respectively at large bias voltage. 9 However, it was not detected on a gold surface up to a relative humidity of 75% because of its hydrophobicity. 9 The presence of the plateau was generally interpreted by the formation of the thick layer of water with conductivity. 9 We found from our quartz crystal microbalance experiments that the average thickness of water layer on the gold surface is of the order of nanometer near saturated relative humidity. 17 When the tip is approached toward the sample surface, it comes into contact with the conductive water layer. This results in an electrochemical current being dependent on the applied voltage. On the contrary, the water φ s ⋅ Figure 1 . Current versus distance data measured on an Au surface with a Pt/It tip in air with different relative humidities and tip bias voltages. The tunneling current data, which were recorded at a relative humidity below 10% at a bias of 0.1 V, were indicated as solid circles. Open circles, triangles and squares were obtained at bias voltages of 0.1, 0.4 and 0.5 V, respectively, at a relative humidity as high as about 95%. Note that the tip displacement represents the distance from the equilibrium tunneling distance at I t = 5 nA. The solid curve is exponential fitted with the apparent barrier height of 0.95 eV.
bridge formed between the tip and the sample is elongated due to water meniscus adhered to the tip during the tip retracting. Consequently, such a phenomenon leads to the different widths of the plateau depending on the direction of the tip movement. On the other hand, an asymmetry with respect to the applied bias polarity is clearly observed in Figure 2 . That is, the height of the plateau current on a negatively charged surface is higher than that on a positively charged surface. The plateau currents showed a strong tendency to asymmetry at high bias voltages (>0.3 V), whereas they were almost independent of the polarity at lower biases (<0.3 V). The reason for this may be inferred from the fact that the electrochemical reactivity depends on the surface property of electrode material. Two electrode materials used to form an STM junction in the present study are Au and Pt/Ir. Such a difference in these two electrode materials gives rise to different electrochemical reactivities leading to the asymmetry of plateau current at large bias potentials. The asymmetry of these plateau currents may not be differentiated under a low external electric field because the difference of the materials will not be sufficiently effective at the low bias. Now, we discuss current decay for charge transfer at a high relative humidity. Figure 3 shows the values of the barrier height as a function of tip distance, which was obtained by subtracting the constant plateau current caused by electrochemical processes at a given bias voltage from its original current decay. Solid circles were obtained at the relative humidity of 10% with the bias voltage of 0.1 V, and open circles, triangles and squares at the relative humidity of 96% with the bias voltages of 0.03, 0.1 and 0.4 V, respectively. The apparent barrier height of 0.95 eV for higher humidity with 0.03 V (open circles) is equivalent to that measured for the low humidity (solid circles) within the experimental uncertainty. Also, the tip-surface spacing dependence of the barrier height was not observed. Since electrochemical processes are not taking place rapidly under such a low electric field and the tip distance becomes shorter, a plateau current that results from the electrochemical processes could not be detected over the long distance. From these results, it can be concluded that the current at the low bias is attributed to electron tunneling through the water layer inside the STM junction in spite of a high relative humidity.
One of the most important features on current-voltage characteristics concerns the current decay on the surface with thick water layer at high voltages. The apparent barrier heights for 0.1-0.5 V show the tip-distance dependence as indicated in Figure 3 . At a tip distance of 2 Å the value is about 1.0 eV, decreasing to about 0.55 eV when the tip distance was reduced to 0 Å. The result implies a nonexponential decay of current, contrasted with the exponentiality observed for (the low and higher humidities with) a low bias voltage. Such a phenomenon was previously reported to be observed in water 14 as well as in UHV. 4, 18 A non-exponentiality in vacuum tunneling is a consequence of quantum point contact within the distance of a few angstroms from the surface. In a HClO 4 solution, the tunnel distance between a Pt/Ir tip and a Au(111) surface was calculated to be approximately 20. 14 Also, the tunneling barriers were found to be 1 and 0.25 eV at tunneling resistances of 10 9 and 10 8 Ω, respectively. 14 The trend that the value decreases with a decrease of the tip distance is compatible with our result, even though the absolute tunnel distances can not be compared for the two experiments.
It has been suggested in previous reports that the change in barrier height could be caused by electron tunneling through thick water via some intermediate states such as resonant states, changes of water structures near a electrode, dry or wet state with hydrated electron, localized electronic state on the water molecules and quantum mechanics of water clusters. 9, 10, 14 The effect of electrochemical currents on charge transfer has been ignored in previous studies. We believe that the effect of electrochemical currents on charge transfers has not been noticed because nearly completely coated tips except the apex atom have been employed in previous studies. However, some contributions of electrochemical effects to current decay were experimentally hinted at extreme potentials in previous studies. 8, 9 A high resolution image could be obtained using electrochemical reactions. 8 That is, the electrochemical current varies depending on the gap distance. An observation of atomic resolution in electrochemical STM operated at relatively large gap distance (20) could not be explained by electron tunneling only. 14 The apex atom on a tip has a large capacity to pass current of the order of several hundreds of microamperes in the bias range of 0.1-0.5 V, as calculated from quantum-point contact. 11, 14 In the present investigation, we used an uncoated tip and was able to observe electrochemical effects clearly. At high bias voltages electrochemical currents are observed to make a large contribution toward charge transfer as mentioned above. Additionally, we hired a coated tip having an extremely small electrode area to check the dependence of the plateau current on the area of the electrode surface as expected for the electrochemical processes. The magnitude of the plateau current at a tip bias of 0.5 V was reduced by about a fifth as compared to that for an uncoated tip in the identical conditions. Thus the present results give a strong evidence for the electrochemical current flowing through the interfacial water inside the STM junction. Hence we suggest that the electrochemical current may alternatively contribute to current decay. Certainly to elucidate the mechanism of charge transfer through water layer inside the STM junction, it is required to obtain more detailed information about the structure of electric double layer.
Conclusions
STM technique was used to measure the apparent barrier height through interfacial water between a Pt/Ir tip and a gold surface. The average thickness of the interfacial water layer inside an STM junction was controlled by the amount of moisture. When the water density on the surface was low, i.e., the water layer had a low average thickness, the current was almost exclusively transferred by the electron tunneling. The value of the apparent barrier height of the electron tunneling was determined to be 0.95 eV from the current vs. distance curve, which was independent of the tip-sample distance. On the other hand, the distance dependence of the apparent barrier height appeared under the thick interfacial water layer. At a tip distance of 2 Å away from the equilibrium tunneling distance at 5 nA, the value was about 1.0 eV, decreasing to about 0.55 eV when the tip distance was reduced to 0 Å. The non-exponentiality for current decay has been explained in previous studies in terms of electron tunneling via some intermediate states over the wider gap distance. However, we alternatively suggest the current decay to be caused by electrochemical processes. In addition, the plateau current was observed, which was caused by electrochemical processes and was dependent on the applied voltage.
